Tunable control of gene expression is an invaluable tool for biological experiments. In 25 this study, we describe a new xylose-inducible promoter system and evaluate it in both 26
INTRODUCTION 54
Species of the bacterial genus Pseudomonas are of exceptional importance, not 55 only as an infectious agent for a broad range of organisms including humans and plants 56
(1-4), but also for the valuable role species of this genus play in biotechnology and 57 basic science (5, 6). Important tools in both biotechnology and basic science are 58 inducible gene expression systems that enable induced expression or repressed 59 expression in the presence of an effector molecule. 60
Inducible plasmid systems for pseudomonads include the L-arabinose inducible, 61
AraC regulated P BAD promoter from Escherichia coli, which is inducible in P. aeruginosa 62 (7-9). Whereas this promoter has proven useful for gene expression in numerous studies, 63 it has been demonstrated to be leaky without induction in P. aeruginosa (10). Other 64 plasmid-based promoter systems inducible in P. aeruginosa systems include lacI q -Ptac 65 and the rhaSR-P rhaB promoter (10, 11). 66
The goal of this study was to develop a new inducible promoter system for 67
Pseudomonas species using pseudomonad-derived DNA. This study describes the 68 evaluation of the P. fluorescens xutR-P xutA promoter system, here noted as P xut , in both P. 69 aeruginosa and P. fluorescens. In addition, we use this system to interrogate the ability 70 of P. aeruginosa host-pathogen interactions, particularly, the mechanisms underlying 71 bacterial inhibition of corneal epithelial cell wound closure (12) . 72 73 74
MATERIALS and METHODS 75
Strains, media, and growth conditions. Bacterial strains and plasmids were listed in 76 Table 1 . Bacteria were grown in lysogeny broth (LB) (13), and aerated on a TC-7 tissue 77 culture roller (New Brunswick, Inc). P. aeruginosa strains are listed in Table 1 . 78
Gentamicin was used at 10 µg/ml in E. coli and 30µg/ml in Pseudomonas species to 79 select for plasmids. Bacterial culture density was measured with a 1 cm cuvette using a 80 Figure 1B ). In the SBW25 genome, the intergenic region between xutR and xutA is 139 153 bp in length, whereas it is 182-188 in P. fluorescens strain Pf0-1 depending upon whether 154 a TTG or ATG for xutA is the start codon ( Figure 1B ). Other differences in the intergenic 155 region between strain SBW25 and Pf0-1 include a direct repeat of CCAAGAACAACAA 156 just upstream of the ribosome binding site in Pf0-1 that is present in a single copy in 157 SBW25. The xutR and intergenic region with the promoter for xutA, noted here as P xut , 158
were cloned in a broad host range pBBR1-based plasmid, pMQ132 (11) with gfp placed 159 under control of P xut (Table 1) . DNA sequence of the xutR and P xut region from pMQ578 160 was deposited in GenBank (accession number MN857504).
8
The pMQ578 plasmid has an RP4 oriT sequence for conjugal transfer, the aacC-1 162 gentamicin resistance marker, and a selectable marker and replicon for Saccharomyces 163 cerevisiae to allow for yeast in vivo cloning (8). We also replaced the P xut promoter in 164 pMQ578 with the E. coli P BAD promoter to generate pMQ630; this plasmid was used as a 165 comparison promoter, since the P BAD promoter is frequently used for gene expression in Ribose was also shown to be an inducer of P xut in strain SBW25 (19); therefore, 200 we evaluated ribose as an inducer ( Figure 5 ). After 25 hours of growth at 30˚C, PA14 201 showed a 19% increase in GFP fluorescence was observed with 10 mM ribose relative to 202 no ribose, and a 93% increase was observed with 100 mM ribose (RFU: 1723±219 with 0 203 mM, 2050±265 with 10 mM, and 3335±464 with 100 mM). For Pf0-1, we observed a 204 25% increase of fluoresecence at 10 mM and a 41% increase at 100 mM ribose (RFU: 205 2074±172 with 0 mM, 2597±200 with 10 mM, and 2919±219 with 100 mM). This 206 suggests that ribose would have limited utility as an inducer of P xut relative to xylose in 207 the two tested strains unless controlled, low levels, of gene expression are required for an 208 experiment ( Figure 5) . 209 210
Comparison of P BAD and P xut for induction of genes during stationary phase. 211
We investigated whether these promoters were responsive to inducer for cultures in 212 stationary phase ( Figure 6 ). We tested the expression of P BAD -gfp and P xut -gfp in 213 stationary phase cultures, to which inducer was added (10 mM) as a function of time. with 5.5 ± 1.4 fold higher fluorescence than Pf0-1 with P BAD (Figure 6 ). This suggests 219 that the P xut promoter could be used in stationary phase cultures, and perhaps biofilms, for 220 expression of desired genes. 221 222
Flow cytometry analysis of promoter activity in Pseudomonas species. 223
Previous studies have indicated that the P BAD promoter under many conditions is 224 expressed in only a subset of cells of an induced population of E. coli (20-22). Here, we 225 evaluated P BAD and P xut promoters in PA14 and Pf0-1 using flow cytometry analysis to 226 assess promoter leakiness and to determine the frequency of cells which have gene 227 protein production activated upon addition of a moderate level of inducer (10 mM). Data 228 in Figure 7 and Figure 8A demonstrate a higher level of leakiness for P xut compared to 229 fluorescence intensity in GFP-positive cells that were induced compared to P BAD , with a 231 2.5±8 and 2.3±0.5 fold for P. fluorescens and P. aeruginosa respectively ( Figure 8B) . A 232 higher fluorescence intensity was observed for Pf0-1 with both promoters, but this may 233 be due to the larger cell size of Pf0-1 compared to PA14 (p<0.001, ANOVA Tukey's 234 post-test). Cell length for PA14 was measured at 1.8 ± 0.5 or 1.6 ± 0.4 µm when grown 235 in LB with xylose or arabinose at 10 mM respectively (n≥50 cells per group). Cell length 236 for Pf0-1 was measured at 2.5 ± 0.7 or 2.4 ± 0.6 µm when grown in LB with xylose or 237 arabinose at 10 mM respectively (n≥50 cells per group). 238 239
Additional shuttle vectors with P xut 240
The pMQ578 vector with P xut -gfp did not have a convenient restriction site at the 5' end 241 of the gfp gene, which would impede replacing gfp with another gene using traditional 242 cloning methods. To make more user-friendly constructs, the gfp gene was replaced with 243 tdtomato flanked by restriction sites to make pMQ643 and with a multicloning site 244 containing six unique restriction sites to make pMQ650 (Table 1 ). The pMQ643 plasmid 245 was introduced into Pf0-1 and grown with and without xylose (10 mM). The culture with 246 xylose was significantly brighter than the culture without xylose (p=0.016, unpaired T-247 test), with tdtomato fluorescence / OD 600 for cultures with xylose measured at 1.3 x 10 5 ± 248 7.2 x 10 4 versus 2.0 x 10 3 ± 1.7 x 10 3 for the same culture conditions without xylose. 249
The pMQ650 plasmid was additionally modified by removing the yeast replicon 250 and selectable marker for researchers who do not use yeast recombineering. The 251 resulting plasmid, pMQ652, is 5.4 kbp rather than 7.3 kbp (Table 1) . 252 253 Use of the P xut promoter system to evaluate the impact of P. aeruginosa corneal 254 epithelial cell wound closure in vitro. A previous study demonstrated that secreted 255 factors from P. aeruginosa strain PA14 could inhibit corneal cell migration and wound 256 healing (12). To gain insight into the mechanism by which secreted factor(s) from P. 257 aeruginosa inhibit corneal wound healing, we first heat-treated normalized secretomes 258 from strain PA14. Whereas unheated secretomes inhibited wound healing, those heat 259 treated for 10 minutes at 95˚C were unable to inhibit corneal cell migration (data not 260 shown). This result suggested that the inhibitory secreted factor was a heat labile 261 molecule such as a protein. 262 P. aeruginosa has numerous secretion systems. We reasoned that the secreted 263 inhibitor factor is unlikely to be secreted by type III or type VI secretion systems because 264 contact between P. aeruginosa and the corneal cells was not necessary for the cell 265 migration phenotype (only culture filtrates were used). Because many enzymes are 266 secreted through the type II secretion system of P. aeruginosa (23), we tested whether the 267 type II secretion system was required for inhibiting cell migration using a strain deficient 268 in XcpQ. The XcpQ protein is an essential component of the type II secretion system and 269 forms part of the outer membrane pore (23). 270
Unlike wild-type PA14 culture filtrates, those from a previously described ∆xcpQ 271 derivative of PA14 (24) were unable to block cell migration (Figure 9 ). Expression of 272 xcpQ, but not gfp (used as a negative control) from P xut , was able to restore the cell 273 migration inhibition phenotype to the xcpQ mutant in a D-xylose-dependent manner; that 274 is, 50, but not 5 mM D-xylose was sufficient to complement the cell migration inhibition 275 phenotype (Figure 9) . Importantly, as a control, D-xylose (50 mM) did not restore the 276 13 cell migration inhibition phenotype to the ∆xcpQ mutant that did not have a plasmid 277 indicating D-xylose alone was not responsible for the phenotype in the absence of the 278 xcpQ plasmid (data not shown). These results indicate that the P. aeruginosa type II 279 secretion system is necessary to inhibit corneal wound healing and demonstrates the 280 utility of the P xut system for studying Pseudomonas biology. passed through E. coli before moving into Pseudomonas species, cloning of genes that 288 are toxic to E. coli are likely to be more easily cloned with P xut than other promoter 289 systems that might have leaky expression in E. coli. For P. aeruginosa, the P xut promoter 290 appeared to be largely equivalent to P BAD although it was leakier and tended toward 291 higher expression with P xut on a population basis ( Figure 2 ) and in GFP-positive 292 fluorescent cells, but did not reach significance (Figure 7 and 8). In P. fluorescens, the 293 P xut promoter performed better than P BAD with respect to maximal expression levels and 294 required a lower concentration of inducer for expression ( Figure 2C, Figure 7, Figure 8) . 295
In addition to xylose, P xut can be activated by xylulose and ribose (19) raising the 296 possibility that the P xut promoter can be fine-tuned with these alternative carbohydrate 297
inducers. 298
Pseudomonas species have been suggested for industrial production and 299 bioremediation of molecules including, but not limited to, -peptides (25), 300 polyhdroxyalkanoates (26), phenazine-1-carboxyamide (27), proteases (28, 29), 301 pseudofactin (30), rhamnolipids (31-33), silver nanoparticles (34), and toluene (35). The 302 ability of P xut to activate expression of gene expression in the majority of cells and its 303 relative strength in P. fluorescens compared to P BAD suggest that it may be useful for 304 larger scale gene synthetic applications. This is further strengthened by the low cost of 305 D-xylose compared to other inducers, with L-arabinose and IPTG costing approximately 306 10-times more to induce a culture with 10 mM of the sugars or IPTG at 0.1 mM. An 307 additional benefit of D-xylose is that it is not usable as a carbon source by either tested 308
Pseudomonas species, indicating that the D-xylose inducer will not be catabolized for 309 energy, and thereby eliminated from the culture over time. 310
With regard to corneal epithelial wound closure, previous work has implicated 311 lipopolysaccharide from E. coli and Serratia marcescens in inhibiting corneal wound 312 healing (12, 36). Unlike P. aeruginosa, the secreted inhibitory factor from S. marcescens 313 was heat-stabile (12). Work with the P xut promoter in this study strongly implicated the 314 type II secretion system of P. aeruginosa strain PA14 in allowing the bacterium to inhibit 315 corneal epithelial wound closure which may increase its ability to establish ocular 316 infections. 
